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Introduction
In large areas of boreal forests, at sites with either peat or mineral soils high soil-water contents hamper tree growth (Paavilainen and Päivänen 1995; Fenton and Bergeron 2006; Simard et al. 2007 ). This is because gas exchange between soil and air is much slower in water-saturated soils than in aerated soils (Kozlowski 1982) , and consequent limitations in oxygen availability impair functions of plant roots. Hence, a constantly high ground-water level (GWL) leads to shallow rooting, which impairs growth rates, increases mortality and may increase trees' susceptibility to drought stress during dry spells (Kozlowski 1982; Glenz et al. 2006) .
At such sites, lowering the GWL, and thus the soil-water content (SWC) in the unsaturated water-zone, makes conditions more favourable for tree roots. This can substantially increase tree growth, provided that other production factors, e.g. plant-available nutrients, are not growthlimiting. In forestry, SWC are most commonly improved by constructing drainage ditches. In peatlands, drainage is known to improve seedling establishment (Freléchoux et al. 2000) and to increase tree stand density (Hökkä and Laine 1988) . In addition, significant tree-growth responses to drainage have been observed in many boreal coniferous forest areas with both peat soils (Seppälä 1969; Payandeh 1973; Hånell 1988; Dang and Lieffers 1989; Lieffers and MacDonald 1990; Gustavsen et al. 1998; MacDonald and Yin 1999) and mineral soils (Trettin 1986; Roy et al. 2000a, Mäkitalo and Hyvönen 2004) .
For these reasons, about 15 × 10 6 ha of northern peatlands, including some areas of wet mineral soils (with no peat or peat-forming vegetation, depending on definitions), have been drained for forestry purposes (Minkkinen et al. 2008 ). Most of this area is located in Fennoscandia (48%), Russia (28%) and the Baltic countries (11%), and the rest in United Kingdom and Ireland (6%), U.S.A. and Canada (3%) and some odd percent or smaller in Belarus, Poland, Germany and China, respectively, according to the compilation by Minkkinen et al. (2008) .
In drained sites gradual deterioration of ditches reduces their water transportation capacity, thereby decreasing their beneficial effects on the ground-water depth (GWD) and SWC (Paavilainen and Päivänen 1995) . Therefore, ditch-network maintenance (DNM) might be needed to restore the drainage functions of the ditches to improve tree growth or maintain achieved growth rates (Paavilainen and Päivänen 1995) . This can be done by clearing old ditches (ditch cleaning) or by digging new ditches between the old ones (complementary ditching; Ahti and Päivänen 1997) . A third possibility is to combine the two operations.
In Finland, a national target has been set to apply DNM in areas of about 8 × 10 4 ha annually (National... 2011) , and during the last two decades it has been applied to between 7 × 10 4 and 8 × 10 4 ha -1 yr -1 (Päivänen and Hånell 2012) . Most of the area subjected to DNM in Finland is dominated by Scots pine (Pinus sylvestris L.) stands on peatland sites of medium or low productivity. During the last decade, attention has been paid to the need for DNM in Swedish forestry, but no statistics on its extent are available.
In an extensive review on peatland forestry Paavilainen and Päivänen (1995) made some comments on DNM, but knowledge at that time was highly limited and neither standards for the timing of DNM operations nor predicted growth responses could be given. However, some studies had shown that DNM can lower the GWL (e.g. Päivänen and Ahti 1988) . In addition, Paavilainen and Päivänen (1995) highlighted the scarcity of studies regarding tree growth responses to DNM. The few published contributions included studies by Stewart (1958) and Olkinuora (1990) , which were too short-term (4-5 years) to provide definitive conclusions about DNM's effects on growth. Paavilainen and Päivänen (1995) also suggested that the drainage capacity is affected by the tree stand present, in addition to the gradient, soil quality, ditching technique and time. Furthermore, they mentioned some qualitative indicators of a need for DNM, including poor tree growth and poor ditch condition. However, they provided no quantitative recommendations, except that complementary ditching should be considered if the original ditch spacing exceeds 50 m (Paavilainen and Päivänen 1995) .
According to Hökkä et al. (2008) no easily applicable tools are available for assessing SWC, and the condition of the ditches is often used in practise to evaluate the need for DNM, while other factors that may affect SWC more strongly are ignored. For example, the tree stand itself influences soil-water conditions through evapotranspiration (e.g. Heikurainen 1963; Hökkä et al. 2008) . The larger the standing crop (and thus leaf area), the higher the evapotranspiration, which lowers the GWL and SWC. Generally, the natural development of the standing crop results in higher volumes over time and by putting different management operations into practice the development can either accelerate or slow down. Stands' development and increases in biomass (and hence evapotranspiration) can be accelerated, e.g. by fertilization, or their biomass can be sharply reduced (e.g. by harvesting), thereby affecting the SWC. For example, DNM is sometimes recommended at the time of partial cuttings to compensate for the accompanying reduction in evapotranspiration potential of the tree layer (Ahti and Päivänen 1997; Päivänen and Sarkkola 2000) .
After clear-cutting, rises in GWL (Lundin 1979; Päivänen 1980; may hamper the survival and growth of the regeneration stocking at some sites (Lieffers and Rothwell 1986; Lieffers and MacDonald 1990; Landhäusser et al. 2003; Jutras et al. 2006) . To counteract such rises, construction of new ditches or cleaning of old ditches may be appropriate during the regeneration phase until the ground vegetation and the new tree crop has developed sufficient evapotranspiration potential to maintain desirable soil water conditions without assistance by the ditches (Roy et al. 2000a) . Other examples of soil-water regulating operations during the regeneration phase include site preparation and the use of shelterwoods.
At wet sites, the key element of soil preparation is to create a raised spot, a mound, to improve the local soil water conditions for the seedlings (e.g. Sutton 1993; Mäkitalo et al. 2006) , while retaining shelterwood trees is likely to buffer GWL rises after harvest in order to maintain suitable soil water conditions for seedling establishment and growth (Hånell 1991; Pothier et al. 2003) . Thus, both natural processes and forest management measures influence SWC and the development of forest stands in peatlands and areas with wet mineral soils.
Due to increases in loads of suspended solids (Joensuu et al. 2002; Nieminen et al. 2010 ), both digging new ditches and DNM may be harmful for downstream surface waters. Therefore, as stressed by Saarinen et al. (1998) , it is important to minimize the number of DNM operations from both ecological (impact on aqueous ecosystems) and profitability perspectives. Furthermore, growth responses to DNM may affect global warming potential assessments (Minkkinen et al. 2008) , including the ecosystem's greenhouse gas (CO 2 , CH 4 , N 2 O) emissions and C balances.
In addition to the lack of robust, standard methods for assessing the need for DNM there are uncertainties regarding tree growth responses to it. Some recent studies suggest that DNM does not always affect tree growth in southern and central Finland, where climate is more favourable for evapotranspiration than in northern Finland (e.g. Ahti et al. 2008; Sarkkola et al. 2013) . Others have shed some light on stands' growth responses to DNM (Hökkä 1997; Hökkä and Kojola 2001; Ahti 2005; Ahti et al. 2008) , but the findings have not been comprehensively summarized. Thus, there are clear needs for better understanding of appropriate means to establish needs for DNM and tree growth responses to DNM operations.
Thus, this article reviews knowledge regarding establishment of the need for DNM in boreal forest stands, subsequent growth responses and the financial outcome. The review also covers studies on interactions between soil-water conditions and properties of forest soils and tree stands. Based on the findings, principal factors and forest management operations that affect soil water conditions are identified. In addition, requirements for DNM to maintain tree growth cost-effectively, and research needs, are addressed. The review is mainly restricted to studies concerning sites with peat soils (of varying depths), and to a lesser extent drained mineral soil sites. The definition of a peatland site usually includes a minimum thickness for the organic layer, ranging between 20 and 45 cm in some European countries and Canada (Päivänen and Hånell 2012) , while sites with shallower organic layers are usually regarded as having "mineral" soils. However, this criterion does not apply in Finland, where a peatland site may be defined in several different ways, for example, dominance (> 75% coverage) by peat-producing genera (primarily Sphagnum) in the ground vegetation (cf. Päivänen and Hånell 2012) . The tree species considered in the review are primarily Scots pine and Norway spruce (Picea abies [L.] Karst) . The issues covered are: (i) ditching, changes in ditches over time and needs for DNM; (ii) interactions between soil water and both stand properties and stand management; (iii) responses of GWL and tree growth to DNM; (iv) financial outcomes of DNM; (v) implications for DNM in practice, and (vi) conclusions and research needs regarding these issues.
2 Ditching, changes in ditches over time and needs for DNM
Ditching aims and drainage intensity
The aim of draining wet peatlands is to increase the air voids in soil, and hence rates of gas exchange. This is because metabolic rates of aerobic organisms (and plant roots) in soil are generally reduced when air-filled porosity falls below 20%, and severely suppressed when it is less than 10% (Glinski and Stepnievski 1985) . Thus, these are regarded as minimum thresholds for adequate growth of various tree species, for instance Scots pine in peat (e.g., Paavilainen 1967) . In contrast, Wesseling and van Wijk (1957) and Bartholomeus et al. (2008) have shown that several plants can survive and grow in soils in which air content is significantly less than 10%. Nevertheless, numerous studies have shown that drawing down the GWL in peatland sites by ditching can induce increases in peatland tree growth, sometimes remarkably (e.g., Seppälä 1969; Payandeh 1973; Hånell 1988; Frelechoux et al. 2000) .
In practice, GWD has been the most frequently used variable in attempts to determine whether air-filled porosity in the rooting zone is sufficient in drained peatland sites. Various authors have proposed target GWDs and ranges when draining various soil types and geographical locations during growing seasons to avoid limiting tree growth. In their synthesis, Vompersky and Sirin (1997) suggest that GWD should ideally range from 30 to 50 cm in poorly decomposed Sphagnum peat, and from 50 to 70 cm in highly decomposed peat. In another synthesis, Paavilainen and Päivänen (1995) recommend GWDs ranging from at least 35 cm in ombrotrophic, undecomposed peat to > 55 cm in well-decomposed, minerotrophic peat. Several authors recommend drainage to maintain the GWL at 20-50 cm between adjacent ditches (Rothwell et al. 1996; Tóth and Gillard 1988; Berry and Jeglum 1991) . According to Vompersky and Sirin (1997) , Buss and Zalitis (1968) state that the optimal GWD for maximizing growth of pine stands in Latvia on drained peatland is 40 cm, and the soil should not be flooded for at least 30-40% of the growing season. Vompersky and Sirin (1997) also note that Vompersky et al. (1975) concluded that growth of pine in peatlands in northwestern Russia is maximal when the uppermost soil layer is not flooded for at least 85% of the growing season. Similarly, Toth and Gillard (1988) concluded that drained areas should not be flooded for more than 14 consecutive days.
A target GWD range can be attained by using ditches with various combinations of depth and spacing, depending inter alia on the peat depth and wetness, permeability of the mineral soil, gradient, and tree stand properties (Päivänen 1990; Rosen 1989) . However, it is very difficult to obtain the desired drainage intensity in every location, using any ditch depth and spacing permutation, due to local variations in soil properties (e.g. peat thickness and water conductivity), stand conditions (e.g. volume and species compositions) and landscape-level variables (e.g. slope and elevation). In practice, 90 cm deep ditches are usually used, at 25-80 m spacing.
Ditch deterioration
All ditches deteriorate after digging, but at varying rates. Heikurainen (1957) reported that the average depth of hand-dug ditches in peat soils at various sites decreased by 24-36 cm in 20 years, and the most influential factor was peat subsidence, which was positively correlated to the initial thickness of the peat layer. Initial differences in ditch depth diminished due to the deterioration process, leading to the conclusion that a shallow but dense ditch network is optimal for an adequate tree growth rate (Heikurainen 1957 ; corroborated by Huikari et al. 1966) . Timonen (1983) also found that ditches lost a substantial fraction of their depth in a similar timeframe (21-22% in 15 years), with variations largely due to differences in the wetness, thickness and degree of humification of the peat, while the ditching method (using a plow or excavator) had no impact. Half of the ditches Timonen (1983) examined were classified as in need of cleaning after 15 years, mainly due to blockage by vegetation. In addition to subsidence of peat and blockage by vegetation, deterioration of ditches may be caused by collapse of their walls, or obstruction by slash and other materials moved (for instance) by machines being driven across or beside them, erosion and/or silting (Paavilainen and Päivänen 1995) .
A logistic regression model for estimating the probability of ditches being in poor condition, using ditch age, geographic location, and peat depth as driving variables, indicated that time elapsed since drainage was the most important factor (Hökkä et al. 2000a ). This has been noted in several previous studies (Heikurainen 1957; Timonen 1983; Keltikangas et al. 1986; Isoaho et al. 1993) , and can be attributed to the gradual deterioration of ditches with time. In Finland, the probability of ditches being in poor condition 10 and 30 years after drainage was found to be 0.2 and 0.7-1.0, respectively (Hökkä et al. 2000a) . Similar probabilities were reached 25-30 years later in southern Finland than in northern Finland. The results also show that deterioration rates are positively correlated with peat thickness (usually measured down to 1 m at the most in many studies), probably due to its association with subsidence of the surface peat (cf. Heikurainen 1957; Timonen 1983) . The model constructed by Hökkä et al. (2000a) is used in the MOTTI stand simulator to predict the need for DNM in forecasts of the development of drained peatland stands (Hynynen et al. 2002 ). All the above mentioned studies suggest that ditches usually deteriorate at a considerable rate from digging onwards. However, following a study of 14-to 26-year-old ditches (on average 50-60 cm deep at the time) in various types of sites, Lauhanen et al. (1998) concluded that ditches' quality, depth and age provide little indication of the true need for DNM (in accordance with Laine 1986 ). Thus, they suggested that subjective assessment of ditch status may lead to overestimates of the need for DNM. More generally, subjective visual assessment may provide little indication of either a ditch's water-transportation capacity or its need for maintenance.
Tree growth in poorly drained sites
As a ditch network loses its capacity to remove water, the GWL will gradually rise in sites where drainage is mainly dependent on runoff. For example, Sarkkola et al. (2010) showed that ditch depth was inversely correlated with mean late summer GWL in drained peatland sites in Finland.
Inundation of the root layer following rises of the GWL may impair growth of trees. In a field experiment, Pelkonen (1975) observed a significant decline in height growth of Scots pine trees in central Finland (Vilppula Experimental Forest) in the first growing season after lifting the GWL close to the soil surface (< 10 cm) in late July or August in the previous year. Poor condition of ditches or shallow ditch depth was shown as lower tree growth in a study by Heikurainen (1980) . Growth models derived from peatland tree growth survey data representing geographically extensive areas also indicate that poor condition of ditches is associated with significant reduction in tree diameter growth (Hånell 1988; Hökkä et al. 1997) .
According to Kozlowski (1982) and Glenz et al. (2006) the root inundation parameters that most strongly influence established trees' functions and growth are the duration and season of the inundation. There are, however, conflicting opinions regarding tree growth responses to seasonal fluctuation of the GWL. According to a review by Glenz et al. (2006) , early growing-season flooding is more damaging for plants than late growing-season flooding. However, Pelkonen (1975 ) (and Päivänen 1984 clearly found that a high GWL had no effect on growth of Scots pine trees in a drained boreal peatland in early summer (before the end of June), but a high GWL in the late growing season (July-August) reduced their growth in the following year. More generally, exposure to flooded (high GWL) conditions is associated with plant injuries, especially during the growing season, when the growing roots have high oxygen requirements (Boggie and Miller 1976; Kozlowski 1982) . High GWLs in winter appear to be less harmful for many species (Kozlowski 1982) , e.g., Norway spruce (e.g. Wang et al. 2013) . Sarkkola et al. (2012) conclude that the GWD should be 35-40 cm in drained peatland during late summer to assure favorable soil-water conditions for tree growth.
Drainage-induced changes in soils and DNM
Drainage-induced changes generally improve the quality of wet soils as growing media for trees. Lowering the GWL in peatland sites results in increases in substrate aeration (Campbell 1980) , soil temperature (Lieffers and Rothwell 1987) , rates of decomposition and mineralization (Lähde 1969; Lieffers 1988) , and hence availability of plant nutrients (Ponnamperuma 1984) . However, Paavilainen (1967) found that increases in average GWD (associated with increases in drainage intensity) resulted in minor increases in the average rooting depth of Scots pine trees. More important factors may be the highest GWL and its duration during the growing season (see section 2.1), because rising GWL rapidly kills roots in the water-saturated zone (Fraser and Gardiner 1967) .
Within a few years of first ditching, subsidence of the peat layer (Lukkala 1949; Braekke 1983; Hillman 1992; Rothwell et al. 1996; Minkkinen and Laine 1998a ) alters peat's properties. According to Lukkala (1949) the peat thickness decline by 10-23% and its surface subsides by 7-55 cm on average, these changes being greatest in wet, thick-peated treeless mires and lowest in spruce mires. Lukkala (1949) also found that subsidence was greatest near ditches and occurred during the first five years after ditching. Similarly, Minkkinen and Laine (1998a) concluded that peat in inventoried Finnish pine mires (mean peat thickness, 100 cm) subsided by 22 cm on average in 60 years. They also detected positive correlations between the degree of subsidence and both peat fertility (N concentration) and depth. The main reason for subsidence is the removal of water from the peat pores and subsequent lack of support for the low-density peat soil structure. With time, the weight of the tree stand further increases peat subsidence if tree growth has been strongly promoted.
Increases in aeration of the surface peat after drainage accelerate decomposition, and subsequent humification, thereby increasing the bulk density of the peat. Thus, Minkkinen and Laine (1998b) found that the bulk density of the 80 cm surface peat layer was significantly lower in undrained sites (82 kg m -3 ) than in sites drained 60 years previously (133 kg m -3 ). In the 0-20 cm surface peat layer, Silins (1997) observed even faster and larger changes (a 200% increase in bulk density in 7 years). The bulk density of deeper peat layers below the GWL will also increase after drainage, according to Minkkinen and Laine (1998b) and Price et al. (2003) . Increases in bulk density decrease peat total porosity and average pore size, which, in turn, reduce soil hydraulic conductivity but increase water retention capacity (Päivänen 1973; Päivänen and Hånell 2012) . These observations raise a caveat regarding the assumption that applying DNM to a previously ditched peat site will re-establish soil aeration by lowering the GWL, simply because that is what happened previously, as changes in the soil's properties will affect the success of DNM. Due to the lower hydraulic conductivity of high bulk density peat, all changes in GWL and SWC will be slower and more difficult to attain than in poorly decomposed peat (e.g., Päivänen 1973 ). Thus, DNM will have less impact on the ability of gravitational force to drain peat than initial ditching, because in the intervening time the peat has subsidized, resulting in increased bulk density and water retention capacity, and, reduced hydraulic conductivity.
3 Interactions between soil water and stand properties and stand management
Evapotranspiration of forest stands
Mature tree stands can intercept substantial proportions of gross precipitation during the growing season. For example, Päivänen (1966) reported that Norway spruce, Scots pine and downy birch (Betula pubescens Ehrh.) stands, respectively intercepted proportions of 23-35%, 20-25% and about 20% in drained Finnish peatlands. Similarly, found that stands of various mixtures of coniferous and deciduous tree species intercepted 35-41% of the rainfall before harvest at eight sites in Québec, Canada (also Plamondon et al. 1984) . Interception is dependent on several variables, including forest leaf area, stand density and stand height (Aboal et al. 2000) . In a Scots pine stand on a drained peatland where the volume of the original tree crop averaged 90 m 3 ha -1 Heikurainen and Päivänen (1970) found that thinning at grades of 20, 40, 60, or 100% increased the proportion of precipitation reaching the ground during the first two growing seasons after harvest by 7%, 8%, 12%, and 29%, respectively. During the first growing season after clear cutting the increase was somewhat lower (20%) because the fresh logging residues intercepted some of the precipitation (Päivänen 1980) , thus limiting rises of the GWL. This conclusion is corroborated by reports by that interception fell to 8-15% after clear-cutting of the stands considered by Plamondon et al. (1984) . Heikurainen and Päivänen (1970) also reported that heavier cuttings increased the thickness of the snow layer, and that snow seemed to melt earlier in thinned and clear-cut plots they observed than in untreated plots in drained peatland.
A vigorous tree stand with large leaf area may also significantly decrease soil-water storage under favorable climatic conditions for transpiration (Lagergren et al. 2008; Vincke and Thiry 2008) . For example, Heikurainen (1963) found that the GWL clearly falls (sometimes by more than 20 mm) in peat sites supporting such stands on days when rain does not interfere with GWL movements. The magnitude of the changes seems to depend on several variables including the tree species, the stand's developmental phase, temperature and cloudiness (Heikurainen 1963) . Furthermore, Sarkkola et al. (2013) showed that amounts of evapotranspiration and precipitation during the growing-season (May-September) were similar in a drained peatland Scots pine stand in southernmost Finland, but evapotranspiration was substantially lower than precipitation at three more northerly located sites (two of which had lower standing volumes). A very small percentage of precipitation seems to reach the ground through stem-flow in Scots pine and downy birch stands, whereas it seems to be negligible in Norway spruce stands (Päivänen 1966) . Plamondon et al. (1984) also found that stem-flow was of minor importance (0.3-3.8% of the rainfall) in four 25 to 65-year-old balsam fir stands. Sarkkola et al. (2010) conclude that the effect of stand volume on the GWL during "normal" rainy summers in peatlands is probably due to high canopy interception in well-stocked stands, since interception reportedly influences their water balance more than transpiration (Heikurainen 1963; Laine 1984; . Dube and Plamondon (1995) also conclude that the reduction of interception is the most important contributor to the common post-harvest rise of the GWL. Furthermore, Dube and Plamondon (1995) , and Päivänen (1980) , recommend that regeneration stocking and other vegetation, e.g. shrubs and the field-layer, should be protected and logging debris left on site after cutting in order to maximize interception and evapotranspiration. Thus, stand stocking and management substantially influence interception, evapotranspiration and hence soil-water conditions.
Stand stocking, stand development and GWL
Several studies have quantified correlations between stand stocking or stand growth and the GWL. The volume of the tree stand is the most influential parameter for the GWD according to Laine (1986) , explaining more than 50% of the GWD variation in drained peatlands. A 10 m 3 ha -1 increase in stand volume was associated with a 2 cm lowering of the GWD (Laine 1986 ), while Ahti and Hökkä (2006) found that increases in growth rate of 1 m 3 ha -1 yr -1 or stem volume of 10-15 m 3 ha -1 were associated with falls in the GWL of ca. 1 cm in late summer and autumn, but not in spring or early summer. Sarkkola et al. (2010) report a similar relationship, a 10 m 3 ha -1 increase in stem volume corresponding to a 1 cm lower GWL during the growing season, while Heikurainen (1980) found that an increase in stand volume of about 15 m 3 ha -1 or volume increment of about 0.6-0.7 m 3 ha -1 yr -1 corresponded to up to a 10 cm lowering of the GWL. All of these reported correlations may potentially be valid up to a certain stand volume, as suggested by findings that at volumes exceeding 150-200 m 3 ha -1 the GWL may have little dependence on stand volume ). Local, within-stand spatial variation in stand stocking has also been shown to correlate with local variation of GWD (Haahti et al. 2012) . Hökkä et al. (2008) have developed a model to quantify the dynamic interactions among stand volume, volume growth, and GWL, illustrating the interrelationship between GWL and tree-stand growth. According to the model, a deep initial GWL results in high stand growth, and a further increase in stand volume subsequently reduces the GWL. The model can be used for simulating stand volume development over 20 years in southern boreal drained peatlands supporting Scots pine forests. It can also predict the GWL under given stand conditions and management practices .
Fertilization promotes tree growth in most boreal forests in both peatlands (e.g. ) and upland sites with mineral soils (e.g. Kukkola and Saramäki 1983; Pettersson 1994) . It may also have rapid, strong, and favorable effects on soil-water conditions, due to increases in evapotranspiration mediated by associated increases in leaf area. In a Scots pine experiment reported by Heikurainen and Päivänen (1970) GWL was lowered by 5-8 cm and the runoff by c. 25 % during the second vegetation period after fertilization with phosphorus (P) and potassium (K). Observed increases in needle length and needle mass suggested that interception had increased, and consequently throughfall had decreased by about 5%. The cited authors concluded that fertilization increases evapotranspiration, and that the hydrological effects are both rapid and substantial. Päivänen (1980) also observed a fall in GWL (of 1-4 cm) after fertilization of mature Scots pine and Norway spruce stands (with 110-120 and 140-200 m 3 ha -1 stocking, respectively).
Furthermore, Ernfors et al. (2010) found that GWL was significantly lower during the fifth growing season after applying wood ash in a Scots pine stand on a drained oligotrophic bog in southern Sweden. During the first five years after the application the basal area increment increased by 20%.
Biomass removal and GWL
Several studies have investigated effects of removing biomass on soil-water parameters, especially the GWL (Table 1) . After timber harvesting, GWL rises have been observed in both boreal forested peatlands (e.g. Heikurainen 1967; Roy et al. 1997; Roy et al. 2000b , Lundin 2000 , and mineral soil sites (e.g. Lundin 1979; . In recently harvested sites, drainage is known to reduce GWL rises (e.g. Ahti and Päivänen 1997; Päivänen and Sarkkola 2000) , thereby limiting further paludification and improving rooting-zone conditions (Roy et al. 2000a ) for seedling growth. Jutras et al. (2006) found that pre-commercial thinning to c. 2300 stems ha -1 (from a basal area of 3.5-10.4 m 2 ha -1 to 0.4-2.5 m 2 ha -1 caused an average GWL rise of 3 ± 5 cm (mean ± SD) between early June and the end of August, during two monitored years at six experimental sites in Quebec, Canada (Table 1 ). The rise of the GWL was correlated with the basal area removal, although an increase in removal from c. 0.1 to 4 m 2 ha -1 only resulted in a 2 cm rise in the GWL (from 4 to 6 cm). After the previous harvesting in 1991, 12 years before the focal pre-commercial thinning, the GWL had risen by 10 cm on average in the mineral soil sites and 4 cm on average in the peatland sites (Jutras et al. 2006) .
However, Hökkä and Penttilä (1995) found that a thinning grade of 20-50% caused at most a slight rise of the GWL in Scots pine stands on drained peatlands in northern Finland (Table 1) , possibly because the GWL was initially high. They suggested that the stand may have little influence on the GWL in northern Finland because of low growth and transpiration rates, and the large volume of water stored in the soil due to the humid climate. In addition, the ditches were cleaned a few years before the thinning at three of the four studied sites.
Numerous other authors have addressed changes in the GWL following thinning or clearcutting (with or without other practices) ( Table 1 ). Reported observations include the following. Päivänen and Sarkkola (2000) found that thinning of 15% and 28% (by stem volume) in southern Finland raised the GWL by about 7 cm at most. Subsequent DNM restored the GWL to the prethinning level, and 10% thinning had no influence on the GWL. Hökkä et al. (2000b) studied GWL rises after thinning with 0%-50% grades in a drained Norway spruce stand on peat soil in eastern Finland. Generally, the GWL was lowest in the non-thinned plots and highest in the 50%-thinned plots, but the between-treatment differences were not statistically significant. The cited authors attributed the absence of any thinning effect to a concurrent ditch cleaning operation. A constructed regression model indicated that the pre-thinning GWL, volume removed, standing volume and local basal area (within 3 m around a measurement tube) significantly influenced the GWL at the measurement points (Hökkä et al. 2000b) . (Päivänen 1982) found that thinning at grades of 17% and 26% induced rises of 3-16 cm in the GWL in Scots pine-and Norway spruce-dominated stands in a drained peatland in southern Finland. In addition, Päivänen (1980) detected 0-9 cm rises in the GWL after thinning (at 17% grade) in mature stands of Scots pine and Norway spruce, greater rises after ca. 30% thinning, and even greater rises after clear-cutting (Table 1) . Päivänen (1980) suggested that the variation in the magnitude of the change was partly due to variation in peat properties. Heikurainen (1967) also found that the GWL rose in seven experimental mature Scots pine and downy birch stands in central Finland, by 20-40 cm, during two monitored years after clear-cutting. The change in the GWL was positively correlated with the depth of the pre-treatment GWL, and 20-50% thinning had a weaker, but clearly discernible effect (a few cm). figure) . GWL lowest in 0% and highest in 50%; non-significant differences. Heikurainen and Päivänen (1970) also found effects of both thinning and clear-cutting on the GWL in a Scots pine stand on a mire in central Finland. At GWLs of 25-55 cm in the control plot the GWL rose 0-4 cm after 20% or 40% thinning, 5-7 cm after 60% thinning, and 5-14 cm after clear-cutting (Table 1) . The cited authors concluded that the observed changes in GWLs were rather small compared with previously recorded changes, for instance those reported by Heikurainen (1967) , possibly because ditches in the sites provided good drainage.
Similar responses have also been recorded elsewhere. For example, Pothier et al. (2003) observed GWL rises during the year following cuts, which were linearly related to basal area removal (0-100%), in a stand dominated by red spruce (Picea rubens Sarg.) and balsam fir (Abies balsamea [L.] Mill) on a lowland mineral-soil site in eastern Canada (Table 1) . During subsequent years, the GWL in the treated plots gradually approached the pre-treatment level and after five years there was no clear correlation between the thinning grade and GWL. However, the GWL was still higher in the clear-cut plots than in control plots. The cited authors suggested that the GWL recovery was related to increases in leaf biomass of the regeneration stratum over time, rather than crown expansion of residual trees. The final removal of the shelterwoods (thinning grades 40%, 50% and 60%) did not lead to any significant GWL rise during the following five years relative to the GWLs a few years after the initial shelterwood cut and clear-cut (Prévost and Gauthier 2013) . This was most likely due to the development of a new cohort, which contributed to increased evapotranspiration and counteracted any potential rise in GWL. The GWLs had not fully recovered to pre-treatment levels in the original stand (control 0%).
Lundin (2000) observed corresponding rises in GWL after shelterwood cutting and clearcutting of Norway spruce stands on peat soils at four sites in Central Sweden. A greater GWL rise, of 17 cm, was observed during the four years after clear-cutting of a Norway spruce stand in a drained spruce mire in southern Sweden with 0.2-2 m thick peat (Lundin 1999) . Sarkkola et al. (2013) recorded a similar GWL rise after clear-cutting of a Scots pine stand on a drained peatland of dwarf-shrub site type in southern Finland, with 100 m ditch spacing and more than 1 m thick peat. Jutras and Plamondon (2005) studied the effects of clear-cutting on the GWL at five distances from ditches (3, 6, 10, 20 and 30 m) with three ditch spacings (20, 30 and 40 m) in an old Canadian stagnant black spruce-dominated forest on a site with highly humified fen peat as top soil overlaying a fine-textured mineral soil. The site was drained 10 years before harvesting. After the drainage, the GWL was lowest at 3 m from the ditches, at each of the ditch spacings, and the lowering of the water table at 6, 10 and 20 m from the ditches decreased as the spacing increased. The high degree of decomposition of the peat below 10 cm -classified as 7 and 10 according to von Post at 10 and 60 cm depths, respectively -was connected to low hydraulic conductivity, which probably contributed to the smaller lowering of the GWL away from the ditches. After harvest no rise in GWL was observed in plots with ditches at 3-20 m spacing, and with wider spacing no rise at 3 m from the ditches was recorded, but rises were registered at greater distances (10, 20 and 30 m). Jutras and Plamondon (2005) concluded that the GWL rose when drainage before harvest did not lower it by more than 10 cm. and respectively recorded average GWL rises of 20 cm after clear-cutting of two stands on gleyed mineral soils, and 4-7 cm in five stands growing on peaty gley soils in three fens and two bogs, in a flat forested wetland area with poor drainage in Quebec, Canada. Thus, the rises were generally smaller in bogs and fens. They also found that the lower the pre-cutting GWL, the larger the rise after cutting. In the wettest site, where the pre-treatment GWL was < 10 cm from the ground surface, the GWL dropped by 3 cm after clear-cutting, probably due to evapotranspiration from exposed water surfaces. suggest that the transitional sites, i.e., sites between the bogs or fens and the uplands, were most susceptible to hydrological changes after final cutting. They also conclude that clear-cutting using narrow strips is not an effective solution to prevent water table rises, and suggest a more efficient way would be to leave logging debris and, if present, small trees and advance growth, in order to maintain interception and transpiration.
In a follow-up study, Marcotte et al. (2008) monitored the GWL recovery after clear-cutting and drainage. Ten years after clear-cutting, the GWL in undrained plots was still 5-7 cm higher than the pre-cut levels. The slight recovery of the GWL in these plots registered in the first years after clear-cutting leveled off after the third year. Based on this and another study in the region (Pothier et al. 2003) , Marcotte et al. (2008) suggest that full GWL recovery after clear-cutting will take more than 6-10 years. Ten years after cutting, the rainfall interception by vegetation had reached nearly 50% of the pre-cut levels, indicating that both the present vegetation and subsequently regenerating vegetation play important roles in the water balance. However, complete recovery may need a more densely standing crop and eventually a more complete occupation of the soil by deeper tree roots as suggested by Marcotte et al. (2008) . In the same study, the immediate GWL drawdown following drainage mitigated the GWL rise induced by clear cutting up to 40 m from ditches on mineral soils. On peat soils, the GWL was significantly lowered by the ditching up to 20 m into the uncut forest and up to 60 m into the clear-cut area.
It should be noted that Lundin (1979) also observed very strong effects of clear-cutting on GWL in upland morainic mineral soils in central Sweden; a 31 cm rise in mean GWL (from the original 92 cm below the ground surface) during the following four years. However, in contrast to many of the findings cited above, Mannerkoski et al. (2005) did not detect any significant change in the GWL in two catchments where 10% or 30% of the area was clear-cut, disc-ploughed and planted with Scots pine and Norway spruce seedlings, then monitored during the five years following the harvest.
In summary, stocking clearly reflects the capacity of a forest stand to intercept rainfall and take up soil-water, at least for a vigorously growing stand (e.g., Le Maitre and Versfeld 1997; Hökkä et al. 2008) . Furthermore, as stated by Sarkkola et al. (2010) , it is well established that evapotranspiration of forest vegetation, mainly of the forest stand, directly affects the GWL, not only in sites with drained peat soils (e.g. Heikurainen 1963; Ahti 1978; Ahti and Hökkä 2006; Hökkä et al. 2008 ) but also in mineral soil sites (e.g. Lagergren et al. 2008; Vincke and Thiry 2008) . In boreal peatlands, this relationship seems to apply across wide ranges of site and climatic conditions . Accordingly, an increase in stand biomass lowers the GWL, while cuttings have the opposite effect.
Responses of GWL and tree growth to DNM
Both deterioration of ditches (section 2.2) and biomass removal (section 3.3) may lead to rises of the GWL that hamper tree growth, implying a need for DNM. The greatest GWL rises in drained areas are usually caused by radical cuttings (Table 1) . Ahti and Päivänen (1997) reported responses of GWL and tree growth to DNM recorded in experiments at 12 sites with Scots pine stands (20-80 m 3 ha -1 ; Päivänen and Ahti 1988) in drained peatlands. After cleaning the ditches to their original depth, digging new ditches between the old ones, and combining these treatments, the GWL was lowered by 4, 6 and 10 cm on average, indicating that they have additive effects (see also Päivänen and Ahti 1988) . The lowering of the GWL was statistically significant in five (of eight) experiments (Ahti and Päivänen 1997) . A similar lowering of the GWL after ditch cleaning was also reported by Päivänen and Sarkkola (2000) . In addition, Koivusalo et al. (2008) found a significant, much greater (30-40 cm) lowering of the GWL after ditch cleaning in experimental sites in northern Finland with a thin peat layer (12-33 cm) and sandy subsoil, but no significant change in GWL after cleaning in sites with deeper peat.
In Ahti and Päivänen (1997) indications of increased tree growth following DNM were observed in half of the 12 experiments, but the growth analysis was limited by the short monitoring period (5-8 years) following DNM, and no statistical analyses of the growth data were conducted. However, in many of the experiments showing increased growth, particularly those located in the north, complementary ditching appeared to promote growth considerably more than ditch cleaning, and the growth responses occurred mainly in trees close to the new ditches (Ahti and Päivänen 1997) .
A later analysis, by Lauhanen and Ahti (2001) , of the experimental material examined by Ahti and Päivänen (1997) , showed that ditch cleaning, complementary ditching and the combination of both had increased volume growth by 0.16 (not statistically significant), 0.36 and 0.48 m 3 ha -1 yr -1 , respectively, after 10 years. Furthermore, regardless of the initial stand volume, increased growth was detected during the second five-year period, and the average growth responses were considerably higher during the second five-year period than during the first period (Lauhanen and Ahti 2001) . Ten years after DNM, both the cleaned and complementary ditches were classified as being in a better condition and significantly deeper (78 and 73 cm, respectively) than non-maintained control ditches (41 cm deep). At most sites the drainage was considered sufficient according to the authors. However, no dramatic reductions in stand growth were detected in untreated control plots during the 10-year post-treatment period, which raises questions about both the timing and need for the DNM operations applied in the monitored stands.
In a further subsequent study of the experimental material used by Ahti and Päivänen (1997) and Lauhanen and Ahti (2001) , Sarkkola et al. (2012) found that the 20-year growth response, in terms of increases in average annual volume growth and relative volume growth, were negatively related to the GWL before the DNM. The largest growth responses to DNM were observed in Scots pine stands where the pre-treatment GWD was 25-30 cm or shallower, while in stands where it was deeper than 35-40 cm there were minor growth increases. Sarkkola et al. (2012) also observed high variability in growth responses to DNM in stands where the pre-treatment GWD was 20-35 cm, concluding that other factors also strongly influence the optimal timing for DNM to obtain adequate growth responses. The growth responses reported by averaged 0.6 m 3 ha -1 yr -1 at sites in northern Finland, and 1.1 m 3 ha -1 yr -1 at sites in southern Finland, during the 20-year effect period. In this study, DNM included ditch cleaning and complementary ditching combined. Sarkkola et al. (2010) concluded that in stands with volumes exceeding about 150 m 3 ha -1 , the condition of the ditches had a marginal influence on stand development, suggesting a weak or non-existent growth response to DNM. This conclusion was corroborated by the finding that evapotranspiration amounts were similar to growing-season precipitation in a Scots pine stand on a drained peatland in southernmost Finland, suggesting that there was no need for DNM (Sarkkola et al. 2013 ). However, as Sarkkola et al. (2010) noted, it is not possible to identify a need for DNM solely from stocking criteria, as weather conditions and peat properties also affect the GWL. Lauhanen et al. (1998) evaluated effects of complementary ditching using data obtained from surveys of permanent growth sample plots on peatlands in northern Finland. In "pine mires", the stand growth was 0.6-1.0 m 3 ha -1 yr -1 higher over about 20 years with complementary ditching than solely with initial ditching. In "spruce-birch swamps" the growth was also higher in stands where complementary ditching was conducted (by 1.5-1.9 m 3 ha -1 yr -1 over about 20 years) compared to stands with initial ditching only.
Simulations by Hökkä (1997) , based on the experimental data published by Ahti and Päivänen (1997) , indicated that DNM induced 0.5-1.8 m 3 ha -1 yr -1 increases in annual growth during the following 15 years. The smallest responses were found in northern Finland following ditch cleaning. Using a large dataset, combining data acquired from observations of experimental sites and routinely surveyed stands, with and without DNM treatment, Hökkä and Kojola (2003) constructed a model for predicting growth responses to DNM. The model predicted that average responses to DNM (ditch cleaning, complementary ditching and a combination of the two pooled together) in northern Finland would be growth increases of 0.50-0.86 m 3 ha -1 yr -1 during a 15-year simulation period in two example stands. The driving variables were stand basal area, peat thickness, temperature sum and site type (classified as originally forested sites or poorly stocked wet sites) (Hökkä and Kojola 2003) . Similarly, from an analysis of experimental stands, Ahti (2005) concluded that DNM in peatland stands is likely to induce growth increases of 0.4-0.7 m 3 ha -1 yr -1 over 15 years. Finally, based on data from the same experiments, Ahti et al. (2008) showed that over a 20-year study period DNM increased growth in northern Finland (0.6-1.1 m 3 ha -1 yr -1 ) but had almost negligible effects in southern and central Finland (0-0.4 m 3 ha -1 yr -1 ), especially if ditch cleaning was the method applied. In northern Finland the response to ditch cleaning, complementary ditching and combination of both was more significant and also lasted longer, i.e., at least 20 years . Lauhanen and Ahti (2001) suggest that there were no growth increases following DNM in some monitored stands, especially pine stands in southern Finland, because there was no acute need for DNM, even if the ditches were in poor condition. As the stands developed, the accompanying increases in evapotranspiration (see section 3) probably compensated for the reduction in drainage capacity of the deteriorating ditch system. In such situations the GWL will remain deep enough to sustain appropriate tree growth as long as the evapotranspiration of the stand remains sufficiently high, and the shallow ditches will still be deep enough to collect the surface runoff. Furthermore, the rather limited growth responses of the pine stands indicate that the hydrological need for DNM was less urgent than expected. Lauhanen and Ahti (2001) also concluded that even if the maintenance of the ditch system is necessary, delays in performing it will probably not cause dramatic growth reductions or irreversible changes in the development of the stands.
When attempting to quantify growth responses of peatland stands to DNM, a significant problem is identifying an appropriate reference growth rate (Hökkä and Kojola 2003) . Since a gradual rise in the GWL induces a slow gradual decline in growth, the response to DNM is also dependent on the degree of growth limitation at the time of treatment, as noted by . See also Fig. 1 . In most cases when DNM is implemented growth will probably have been sub-optimal for some time, but even if growth is close to optimal there may still be a positive response if the stand's growth is likely to decline soon without treatment (Ahti and Päivänen 1997) . In research, the reference growth problem has been solved in two ways. Data obtained from observations of experimentally treated material are usually compared to corresponding data for non-treated controls (Ahti and Päivänen 1997; Hökkä 1997; Lauhanen and Ahti 2001; Ahti 2005; Ahti et al. 2008; Sarkkola et al. 2012) . A drawback of this approach is the possibility of bias related to incomplete isolation of treatments in the experimental lay-out (e.g. Koivusalo et al. 2008) . The other commonly applied approach (notably when using increment boring survey data) is to compare growth rates before and after DNM (Hökkä and Kojola 2001) , which may lead to underestimates of the response because it does not account for the possible decline in growth of non-treated stands. Thus, Hökkä and Kojola (2003) combined data from several sources to obtain a generalizable estimate of the growth response. However, in all situations the responses will vary, depending on the soil water conditions when DNM is implemented (Fig. 1) .
Financial outcome of DNM
To be a cost-effective management operation, DNM must either increase growth of stands or prevent decline of their growth in the future. Whether or not the operation is profitable will depend on the magnitude of growth increases, investment costs, interest rates, timber prices and pay-back time. However, it should be kept in mind that DNM is commonly part of a management regime, encompassing operations from regeneration to final harvest and may also include one or two thinnings. Thus, the economical outcome of a separately conducted DNM may not be the same as the outcome of DNM simultaneous with thinning (cf. Fig. 2 ) as a part of an overall management regime (cf. Ahtikoski et al. 2008; Kojola et al. 2011) .
In addition, to calculate the economic outcome of a DNM operation empirical data covering the whole growth-response period are required. Alternatively, yield data generated by simulations can be used. For example, the MOTTI stand simulator (Hynynen et al. 2002) includes a model to predict the growth response to DNM (Fig. 2) (Hökkä and Kojola 2003) . However, if simulations are used the accuracy of the results will inevitably depend on the accuracy of the model used to simulate the timber yields (Ahtikoski et al. 2012) . Aarnio et al. (1997) calculated an internal rate of return on investment of 0-9% for DNM performed in four experimental stands, based on the growth response over 10 years (using the same data as Ahti and Päivänen 1997) . Profitability was found to be low for both the poorest, low-stocked sites and productive sites with high initial stand volume, while it was highest for medium-productivity fully-stocked stands, in which ditches required maintenance (Aarnio et al. 1997) . According to simulations by Hytönen and Aarnio (1998) DNM can be profitable in terms of both net-present value and internal rate of return, at least if the DNM involves complementary ditching or a combination of complementary ditching and ditch cleaning. Ditch cleaning alone generally yielded negative net present values at interest rates of 3% and 5%. In terms of internal rate of return, ditch cleaning yielded 2.5%, complementary ditching 6.8% and the combination of the two 5.5%. Thus, complementary ditching was more profitable than ditch cleaning. Only the DNM costs were included in the calculations, which were based on data from nine drained pine-dominated oligotrophic peatlands (some of the sites reported by Päivänen 1997 and Ahti 2001) . The benefit due to DNM was determined as the difference in value of growing stock between treated plots and untreated control plots. Ahtikoski et al. (2008) also analyzed the profitability of a DNM in terms of return of investment and net-present value. They used the MOTTI stand simulator (Hynynen et al. 2002) to forecast development of 44 randomly selected normally-managed drained peatland stands in northern Finland with or without DNM and calculated their long-and short-term financial performance. At a given cost, DNM was most profitable in stands with high initial stocking, growing on fertile types of sites with a high temperature sum. The initial stocking appeared to have most influence on the financial performance. The minimum profitability threshold seemed to be relatively low in terms of stand basal area (4-6 m 2 ha -1 ). Another conclusion was that if the monetary value of the accumulated growth cannot be realized until the final cutting, the profitability of DNM remains marginal. This reflects the impact of initial stocking. Densely stocked stands can be commercially thinned, enabling harvest income to be generated at an earlier stage from the additional yield generated by DNM. The mean annual increments without DNM over the simulated 45-year period 2. An example of the impact on basal area development of ditch network maintenance (DNM) operation for a management schedule of a peatland stand when DMN is conducted at the time of first commercial thinning (basal area 12 m 2 ha -1 at the start of the simulation). Without DNM the second thinning will be done five years later (see arrows) due to the lower growth rate of trees. Earlier incomes from thinning generally improve the profitability of the schedule including DNM. Data generated by the simulation program MOTTI (Hynynen et al. 2002). ranged between 1.9 and 4.0 m 3 ha -1 yr -1 for the two stand and site types analyzed. DNM increased the mean annual increments by about 10% (0.24 m 3 ha -1 yr -1 and 0.42 m 3 ha -1 yr -1 , respectively). The return of investment was between 1.8% and 3.0%. The net present value with and without DNM was compared for the whole rotation period, and found to be 4-14% higher for the alternatives with DNM than for those without it. The results are applicable to forest stands on peatland sites that have been managed according to standard silvicultural recommendations and subjected to initial ditching. Ahtikoski et al. (2012) conducted a study to determine the optimal management regime in terms of net present value for 17 drained peatland stands in northern Finland. Possible management variables included timing of ditch network maintenance, commercial thinning and final cutting as well as intensity of thinning (thinning grade), as recommended by the current guidelines. Higher interest rates led to shorter rotations and less intensive management schedules. They also found that in the harsh northern climatic conditions lower mean annual increment resulting from extensive management could result in a higher net present value. Consequently, DNM may be an unprofitable operation, especially in low-stocked northern stands, even if ambient drainage conditions are poor (Ahtikoski et al. 2012) .
Implications for DNM in practice 6.1 Operational implications
The primary aim of DNM in established forest stands is to sustain tree growth in ditched sites. As concluded by Lauhanen et al. (1998) , Laine (1986) , and Sarkkola et al. (2012) , visual inspection of the status of ditches may lead to overestimates of the need for DNM. The lack of a convenient, robust method for visually classifying the water transportation capacity of a ditch in the field, and its influence on tree growth, makes it difficult to judge the need for, and optimal timing of, DNM. However, the time since the latest ditching operation is a potential indicator (section 2.2). For example, the probability that DNM will be needed is quite high after 25-30 years, and very high after 50 years (Hökkä et al. 2000a) .
It is well established that the present forest stand strongly influences the water balance at a forested site and, consequently, the GWL and SWC (section 3). In studies cited in section 3.1 proportions of precipitation intercepted varied between 20% and 40% (in stands with stem volumes of about 100-200 m 3 ha -1 ). Thus, canopy interception (and evapotranspiration) significantly affect the soil-water conditions. Accordingly, partial (thinning) or total removal (clear-cutting) of the tree biomass usually raises the GWL. The studies cited in section 3.3 suggest that GWL generally rises by 0-15 cm after thinning and up to 40 cm after clear-cutting. The magnitude of the rise is dependent on, (i) the pre-treatment GWL; the deeper initial level the greater rise, (ii) the size of the biomass removal; the greater removal the greater rise, and (iii) the hydraulic conductivity of the soil; the lower conductivity the greater rise of the GWL. In the few reported studies of effects of DNM in sites with mineral soils, the GWL rise was generally larger than in peat soils, probably because both the initial GWL and the hydraulic conductivity of the soils were lower. If stand properties are also considered, the need for DNM is greatest in the early phase of a stand rotation period, especially after clear-cutting, which usually induces a rise in the GWL when a new tree generation is about to be established. A need for DNM may also arise after partial early cuttings (first commercial thinning), but at later phases in more highly stocked stands with volumes exceeding 150 m 3 ha -1 a weak growth response to a DNM operation is suggested based on results of Sarkkola et al. (2010) concerning the minor impact of ditch condition on GWD in such stands. Hence, the costs and potential benefits of DNM in highly stocked stands must be carefully evaluated. Growth responses to DNM may also be weak if the pre-treatment GWL is deeper than 35-40 cm .
Regarding site conditions, the texture of the soil must be taken into account. Well-humified peat (with high bulk density) and fine-textured mineral soils have high water-retention capacity and low hydraulic conductivity. Thus, such sites are difficult to drain efficiently, and drainage sometimes significantly influences the GWL only close to the ditches, i.e. no more than about 5-15 m from them (section 3.3). A complicating factor for DNM at many peatland sites is that initial drainage usually causes subsidence of the peat (section 2.4) and, hence, increases bulk density, which aggravates drainage.
The need for DNM seems to arise earlier in northern than in southern locations, because in the north the climate is more humid and less favorable for tree growth (thus stand development is slower than in the south). Consequently, in northerly sites ditches affect stand development more strongly than in southern sites because the shift from runoff accounting for a large proportion of the water balance to evapotranspiration becoming more important is slower (cf. Sarkkola et al. 2013) . This is troublesome since DNM is not always profitable in low-stocked northern stands, even if drainage conditions are poor (Ahtikoski et al. 2012 ).
To summarize current knowledge, four factors affect soil water conditions in a drained site: (i) the capacity of ditch networks to drain the site, (ii) the climatic conditions, mediated through the precipitation rate and potential evapotranspiration of the vegetation (tree stand and ground vegetation), (iii) the soil water conduction capacity, and (iv) the tree stand, through its water use capacity. It should be noted that DNM only affects the drainage intensity and water transportation capacity of ditch networks. However, other forest management operations (notably harvesting and fertilization) also influence stands' water use rates. Climate cannot be influenced at all and peat's water conductivity can be influenced only to a limited extent, in the regeneration phase by site preparation. In conclusion, as well as ditches' condition, stand and site conditions (including the geographical location and climate), must be taken into account when assessing the need for DNM.
Applicability of the results
There have been limited numbers of studies on effects of DNM on GWL, SWC and tree growth. Therefore, this review has included some studies covering more general aspects of ditching, its effects and interactions between soil-water conditions and stand properties. Most of the results from studies in thinning-stage stands are primarily applicable to Scots pine, and to some extent Norway spruce, stands growing on drained peatlands in the Fenno-Scandinavian countries within the boreal vegetation zones (northern, middle and southern) (cf. Ahti et al. 1968 ). Most studies have been carried out in Finland. In Finland, and at the study sites there, the ditch systems usually consist of regularly spaced parallel ditches, while, for example in Sweden, it is common with a coulpe of main ditches within a forest stand to be drained. In the latter case, a DNM operation might be less effective, and, hence, potential growth responses smaller, when taking the whole forest stand into account. Some relevant studies conducted in North America, primarily Canada, have addressed soil-water conditions after both partial and total removal of forest stands. These studies have examined relevant phenomena for this review in both peatlands and sites with wet mineral soils, supporting other conifers than Scots pine and Norway spruce. Thus, the main findings should be quite general and applicable to many tree species and soil types within the boreal zone where forest drainage has been applied. (i) Although some decade-old ditches are still functioning well, ditches gradually deteriorate over time due to subsidence of peat and blockage by vegetation, collapse of the walls, and/ or accumulation of slash and other materials caused by moving machines, erosion and silting (e.g. Paavilainen and Päivänen 1995). (ii) Tree stand growth may be impaired by ditch deterioration (Heikurainen 1980; Hånell 1988 ). (iii) Ditch deterioration and subsequent impairment of tree growth are gradual processes, thus soil-water conditions may be appropriate or close to optimal for tree growth for a long time, and there is no clearly distinct optimal time for DNM. (iv) There is no convenient tool for directly assessing soil-water conditions in the field, and, hence, the need for DNM in thinning-stage or older forest stands to maintain tree growth gained from initial ditching. Decisions regarding the need for DNM should not be based solely on ditch conditions, but also on stand and site properties, and geographical (climatic) factors (Sarkkola et al. , 2013 Visual assessment based solely on a ditch's water transporting capacity may lead to overestimates of the need for DNM (Lauhanen et al. 1998; Laine 1986; Sarkkola et al. 2013 ). (vi) The time since the latest ditching operation is a useful predictor of ditches' quality. DNM will probably be needed after 20-30 years, although it may be needed any time within 10-50 years (Hökkä et al. 2000a ) from ditching. (vii) DNM can lower the GWL (Ahti and Päivänen 1997) , thus improving soil-water conditions and, potentially, tree growth (Lauhanen and Ahti 2001; Ahti 2005; Hökkä and Kojola 2001, 2003) . (viii) Generally, DNM lowers the GWL by 5-10 cm in drained peatlands (Ahti and Päivänen 1997) . This is similar to the GWL rise after a common operational thinning (harvest of 30-75 m 3 ha -1 by stem volume; Table 1 ). In shallow-peated sandy subsoil sites, the GWL may be substantially lowered (Koivusalo et al. 2008 ). (ix) On drained peatlands, available quantitative data suggest that stand growth rates will increase following DNM by 0.5-1.8 m 3 ha -1 yr -1 during a 15-20-year period in Scots pine with c. 20-150 m 3 ha -1 stocks. The response is higher and lasts longer in the north than in the south. For Norway spruce there is very little information available. (x) Two hypothetical requirements for increases in tree growth following DNM in drained peatlands are: (a) a pre-treatment GWL closer to the ground surface than 25-30 cm, and (b) stocking below 150 m 3 ha -1 . Nutrient availabilities must also be sufficient, which is not always the case in peat soils. (xi) Stand stocking and management strongly affect interception, evapotranspiration, and, hence, soil-water conditions and tree growth. After timber harvesting, GWL usually rises in both peatlands and wet mineral soil sites. The reviewed studies report GWL rises of 0-15 cm after partial biomass removal and up to 40 cm after clear-cutting (Table 1) . (xii) The need for DMN seems to be greatest in early phases of rotations, i.e. at the time of clearcutting and regeneration, and/or at times of pre-commercial or first commercial thinnings. (xiii) Drainage commonly alters peat properties by causing subsidence of the peat and increasing the degree of humification of surface layers. This implies aggravated drainage conditions in peat soils at DNM due to increased bulk density and reduced water conductivity. (xiv) DNM can be profitable in terms of return of investment and net present value, but not always (Aarnio et al. 1997; Hytönen and Aarnio 1998; Ahtikoski et al. 2008 Ahtikoski et al. , 2012 . Com-plementary ditching and a combination of complementary ditching and ditch cleaning are usually more profitable than ditch cleaning alone. Relative high initial stand stocking (c. 100-150 m 3 ha -1 ), good-medium site quality and high temperature sum generally favor DNM profitability. Early realization of the gain in growth induced by DNM, through thinning rather than waiting until final cutting, also favors profitability. (xv) Since DNM may be a harmful forestry operation from a water quality protection perspective (Joensuu et al. 2002; Nieminen et al. 2010) , it is important to minimize the number of operations. A DNM operation should also result in the expected growth response, and the investment should be financially justifiable.
Conclusions and future research needs

Conclusions
Research needs
(i) Tree growth rate in poorly drained soils is not sufficiently understood, as reflected in partly conflicting and inconclusive results concerning the sufficient air filled porosity in soils for adequate tree growth. Thus, greater knowledge of effects of soil-water conditions (GWL and SWC) on tree growth are needed.
More empirical data on tree growth responses to DNM in drained peatlands and mineral soil sites are needed. To construct generally applicable growth models, the data should be representative for wide ranges of drained soil types, climatic conditions, and tree species (e.g. Norway spruce). (iii) It is important to be able to identify when a stand is sufficiently developed to reduce excessive soil water by itself and grow at an acceptable growth rate. Process based models can be useful to describe and understand the interactions among all the relevant factors (ditch condition, soil properties, stand properties, and climate), quantify their impacts on soil-water conditions and tree growth in sites with peat and mineral soils, and visually display the results. (vi) A convenient, robust method for assessing soil-water conditions in the field, and hence the need for, and optimal timing of, ditch maintenance to sustain tree growth at formerly drained sites.
